Phi meson production in heavy-ion collisions at subthreshold energies is studied in the relativistic transport model. We include contributions from the baryon-baryon, pion-baryon, and kaon-antikaon interactions and find that the reaction πN → φN is most important for phi meson production. The implication of our results is discussed with respect to the preliminary experimental data from the FOPI collaboration and the future dilepton experiment by the HADES collaboration at GSI.
Phi meson plays a special role in heavy-ion physics. As a puress state, its production in hadronic interactions is usually suppressed due to the Okubo-Zweig-Iizuka (OZI) rule [1] . Enhanced production of phi mesons in ultra-relativistic heavy-ion collisions has thus been suggested as a possible signal for the deconfinement phase transition of hadrons to a quark-gluon plasma [2] , where the strangeness production rate has been shown to be orderof-magnitude larger than in a free hadronic gas. However, phi meson properties might be changed in hot dense matter due to the partial restoration of chiral symmetry. Indeed, both QCD sum-rule calculations [3, 4] and studies of vacuum polarization effects based on a hadronic model [5] have shown that the phi meson mass is reduced in medium. The change of phi meson properties can be observed in dilepton spectra [6] and may also be inferred from the phi meson yield in heavy-ion collisions [7] .
Phi meson production from heavy-ion collisions has been studied in CERN experiments [8] from the dimuon invariant mass spectra. It has been found that the ratio for φ/ω in S+U collisions at 200 GeV/nucleon is enhanced by about a factor of 3 compared to that from proton-proton and p-U interactions at the same energy. The enhancement can be accounted for by assuming that a quark-gluon plasma has been formed in the collisions. On the other hand, it can also be explained by hadronic scenarios [7, 9, 10] . In particular, it has been pointed out in Ref. [7] that the processes KΛ → φN and KK → φρ become important if one takes into account medium effects on hadron masses in hot dense matter.
Phi mesons have also been measured recently in heavy-ion collisions at AGS energies from the invariant mass distribution of kaon-antikaon pairs [11] . Both the phi meson mass and width are found to be consistent with that in free space. This is not surprising as these kaon-antikaon pairs are from the decay of phi mesons at freeze out when their properties are the same as in free space. If a phi meson decays in medium, the resulting kaon and antikaon would interact with nucleons, so their invariant mass is modified and can no longer be used to reconstruct the phi meson.
To study the in-medium properties of phi meson one thus needs to measure instead the dilepton from its decay inside the nuclear medium. Such an experiment has been planned at SIS energies by the HADES collaboration [12] and by the PHENIX collaboration [13] at RHIC energies. For these experiments to be successful, it is essential that the phi meson peak in the dilepton spectra is significantly above the background. For heavy-ion collisions at 1-2 GeV/nucleon, the background is largely from the decay of rho mesons that are formed in pion-pion annihilation as shown in Ref. [14] and in Ref. [15] . In the latter paper, we have calculated the dilepton spectrum from both rho and phi meson decays in central Ni+Ni collisions at 2 GeV/nucleon. Including phi meson production only from the kaon-antikaon annihilation channel, it has been found that in the dilepton spectrum the phi meson peak lies below the background from rho meson decay. The φ/K − ratio in this study is about 1%, which is much below the value of 10% from the preliminary data of the FOPI collaboration at GSI [16] . Although the picture is somewhat different when medium effects on the masses of rho, phi, and kaon are included, the φ/K − ratio remains essentially unchanged. It is thus necessary to also consider phi meson production from other processes, such as the baryon-baryon and pion-baryon collisions.
However, the cross sections for phi meson production from the meson-baryon and baryonbaryon interactions are only known empirically at high energies. To determine these cross sections near threshold, we introduce an one-boson-exchange model. The corresponding Feynman diagrams for πN → φN and NN → NNφ are shown in Fig. 1 . The Lagrangians for πNN, ρNN, ρN∆ [17] , and πρφ [18] interactions are well-known, and they are given by
In the above, ψ is the nucleon field, ψ µ is the Rarita-Schwinger field for the spin-3/2 ∆ resonance, and π, ρ µ , φ µ are meson fields; and τ are the isospin matrices. The coupling constants and cut-off parameters in the first three vertices are taken from the Bonn oneboson-exchange model (Model II) as listed in Table B .1 of Ref. [17] . The coupling constant f πρφ ≈ 1.04 is determined from the measured width Γ φ→πρ ≈ 0.6 MeV. For the reaction πN → φN, a monopole form factor with a cut-off parameter Λ ρ πρφ is introduced at the πρφ vertex. By fitting to the available experimental data for the reaction π − p → φn [19] , we obtain Λ ρ πρφ = 1.2 GeV. The comparison of the calculated cross section with the data (open circles) is shown in Fig. 2 . We see that the dominant contribution comes from the tensor ρNN coupling (dashed curve) as that from the vector ρNN coupling (dotted curve) and the interference term (dot-dashed curve) are small. The isospin-averaged cross section for π∆ → φN is obtained in the same way without introducing further free parameters.
For the reaction NN → NNφ, two monopole from factors are introduced at the πρφ vertex as both pion and rho meson are off-shell. The one associated with the rho meson is taken to be the same as in the reaction πN → Nφ. The other one associated with the pion introduces another cut-off parameter Λ π πρφ , and it is determined by fitting to the data for the reaction pp → ppφ. Unfortunately, no experimental data are available for this reaction near the threshold where the one-boson-exchange model is expected to be appropriate. Nevertheless, we choose Λ π πρφ =0.95 GeV to fit the experimental data at p lab ≈ 10 GeV [21, 22] , which is the lowest beam energy with experimental data available. The resulting cross section is shown in Fig. 3 by the solid curve together with the data (open circle). The isospin averaged cross sections for N∆ → NNφ and ∆∆ → NNφ are assumed to be the same as that for NN → NNφ. Details of the model will be reported in a longer paper [20] .
In nuclear medium, phi mesons can also be absorbed. The dominant absorption process is φN → ΛK. This cross section has been calculated in Ref. [7] based on an one-kaon-exchange model. Other absorption processes include φN → πN, φN → π∆ and φN → ρN. These cross sections can be obtained via the detailed-balance relation [23] from the cross sections of the inverse processes. Except close to the φN threshold, their magnitudes are small. Because of the relatively large nucleon kinetic energy in heavy ion collisions, we expect that the phi meson absorption cross sections are small and that most of produced phi mesons will survive. Also, phi mesons can be absorbed by pions and deltas. Since the density of these particles is low, their effects are expected to be insignificant and are therefore neglected in the following study.
Besides absorption by nucleons, phi mesons also undergo elastic scattering with nucleons with a cross section of about 8 mb as estimated from the phi meson photoproduction data [29] . Furthermore, a phi meson can decay mainly into a kaon and antikaon pair with a width of about 3.7 MeV.
To study phi meson production from heavy-ion collisions, we generalize the relativistic transport model, which has been used extensively in studying heavy-ion collisions at SIS energies [24, 25] , to include the processes discussed in the above. Because of its small production probability, phi meson production is treated perturbatively as in the case of kaon and antikaon production in this energy region [26] [27] [28] . Since we are mainly interested in the relative importance of different contributions, we have neglected in this work medium effects on the phi meson as well as on the kaon and antikaon, which will be studied elsewhere [20] .
The results for the phi meson yield from Ni+Ni collisions at 1.93 GeV/nucleon and impact parameter 0 fm are shown in Fig. 4 . The total phi yield (lower right) is about 2.5 × 10 −4 , and about 70% is from πN → φN (upper right). This is due to the fact that near threshold the phi production cross section in a pion-nucleon collision is significantly larger than that in a nucleon-nucleon collision. The contribution from baryon-baryon collisions (upper left) is about 5% of the total phi yield, of which the most important contribution comes from N∆ collisions. This is very different from the production of other particles in heavy ion collisions at subthreshold energies, where the delta resonance has always been found to play the most important role as a result of its large mass. The contribution from kaon-antikaon annihilation (lower left) that was considered in Ref. [15] turns out to be quite insignificant, accounting for about 3% of the total phi yield. We note that phi meson absorption processes reduce the phi meson yield by about 10%, which is comparable to the effect of phi meson decay.
We note that the K − yield from present calculation without medium effects is about 1.0×10 −3 , which is about a factor five smaller than the K − number from a similar calculation including medium effects on kaons [15] . The latter value should be reliable as it has been shown in [27] that with medium effects the antikaon yield from heavy ion collisions at subthreshold energies can be explained. The expected φ/K − ratio after including medium effects on kaons is thus below 5% as we also expect some reduction of the phi meson yield due to its enhanced decay into kaons with in-medium masses. This ratio is then at least a factor of two below the preliminary data from the FOPI collaboration [16] . To further enhance phi meson production in heavy-ion collisions, we may need to include the effects due to reduced phi meson mass in medium as suggested in Ref. [7] . Such a study is in progress.
We have also calculated the phi meson rapidity distribution and transverse mass spectra, and they are shown in Figs. 5 and 6, respectively. Like other produced particles, phi mesons are centered at mid-rapidity and have an exponential transverse mass distribution. At midrapidity, we have dN/dy ≈ 3 × 10 −4 . The inverse slope parameter of the transverse mass spectrum has a value of about 140 MeV, which is higher than other produced particles. This is probably due to the effects of flow, which tends to increase the apparent temperature of heavy particles.
In conclusion, we have studied phi meson production from heavy-ion collisions at subthreshold energies in the relativistic transport model. The elementary phi meson production cross sections in the baryon-baryon and pion-baryon interactions are determined from an one-boson-exchange model. We have found that at SIS energies phi mesons are predom-inantly produced from pion-nucleon collisions. Without medium effects the contribution from kaon-antikaon annihilation turns out to be quite small. Comparing with the results in Ref. [15] without medium effects, the phi meson yield from the present study is an order of magnitude larger as a result of the πN → φN contribution. We thus expect that the phi meson peak in the dilepton spectra will be well above the background from rho meson decay. The inclusion of medium modifications of the phi meson mass as well the kaon and antikaon masses will further increase the phi meson yield. This makes the study of phi meson in-medium properties by the HADES collaboration very promising.
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